The gene cluster that codes for feedback-resistant aspartate kinase (lysCo and lysCI) and aspartate semialdehyde dehydrogenase (asd) was cloned from a mutant strain of Corynebacterium glutamicum. Its functional analysis by subcloning, enzyme assays, and type of aspartate kinase regulation enabled the isolation of a fragment for separate expression of the feedback-resistant kinase without aspartate semialdehyde dehydrogenase expression. This was used together with other clones constructed (J. Cremer, L. Eggeling, and H. Sahm, Mol. Gen. Genet. 220:478-480, 1990) to overexpress individually each of the six genes that convert aspartate to lysine. Analysis of lysine formation revealed that overexpression of the feedback-resistant kinase alone suffices to achieve lysine formation (38 mM). Also, sole overexpression of wild-type dihydrodipicolinate synthase resulted in lysine formation but in a lower amount (11 mM). The other four enzymes had no effect on lysine secretion. With a plasmid overexpressing both relevant enzymes together, a further increase in lysine yield was obtained. This shows that of the six enzymes that convert aspartate to lysine the kinase and the synthase are responsible for flow control in the wild-type background and can be useful for construction of lysine-producing strains.
procedures, mutants were selected primarily as resistant or sensitive to a variety of chemicals by assuming as targets enzymes of amino acid anabolism (28, 30, 34) or central metabolism (31, 35) . At each screening step, the mutant producing the highest titer of lysine was selected for subsequent mutagenesis. This empirical procedure resulted in strains with high productivity. However, their metabolic changes can be described neither qualitatively nor quantitatively. This also agrees with the fact that it is impossible to reconstruct a good producer by using most of the published strain development schemes (25) . The only exception is the use of the lysine analog S-2-aminoethyl-L-cysteine. Some of the mutants resistant to this analog secrete lysine (28) , which can be phenomenologically attributed in some cases to an altered feedback response of the aspartate kinase (29) .
As a rational approach to analysis of lysine formation with C. glutamicum, two classical methods have been used. These are enzyme studies and feeding of precursors (26) . The enzyme studies revealed that the single aspartate kinase, which is the first enzyme eventually to convert the central metabolite oxalacetate to lysine, methionine, threonine, and isoleucine, is feedback inhibited in its activity by lysine plus threonine (29 holds for the dihydrodipicolinate synthase located at the branching point of aspartate semialdehyde towards threonine, which is not feedback inhibited (6) as is the case for the E. coli enzyme (38) . From this type of study, it appears that in C. glutamicum a very simple regulation of lysine synthesis operates exclusively at the level of aspartate kinase activity. In the precursor study by Menkel et al. (21) , fumarate was used together with the aspartase gene of E. coli expressed in C. glutamicum to convert fumarate plus ammonia to aspartate. This resulted in increased lysine formation but also aspartate accumulation, suggesting that limitations exist within the sequence of aspartate-converting reactions.
A third rational approach to analysis for limitation would be overexpression of all biosynthetic enzymes similar to that done for the tryptophan-biosynthetic enzymes of Saccharomyces cerevisiae (22) . This requires, of course, the availability of all corresponding genes. We therefore cloned dapA and dapB of C. glutamicum, which code for dihydrodipicolinate synthase and reductase, respectively (5) , and constructed plasmids allowing individual overexpression of the clustered genes. We also succeeded in cloning asd (aspartate semialdehyde dehydrogenase), which catalyzes the reaction following the aspartate kinase reaction. From sequence analysis of a small fragment influencing the regulatory behavior of the aspartate kinase (17, 32) , we became aware that asd is adjacent to lysC (aspartate kinase). We consequently assayed asd-complementing fragments of chromosomal DNA of the wild type of C. glutamicum for aspartate kinase activity. This resulted in analysis of the two in-phase overlapping aspartate kinase genes, lysCot and lysC3, of the wild type (16a) . Their organization is similar to that of the two genes of B. subtilis whose aspartate kinase consists of a smaller I subunit identical in amino acid composition to part of the carboxy end of the larger ot subunit (3, 4, 24 kinase enabling overexpression of the enzyme still had to be done. This is described as part of the present report. Cloning of the feedback-resistant kinase, together with the availability of ddh (diaminopimelate dehydrogenase) (14) , lysA (diaminopimelate decarboxylase) (37) , and ppc (phosphoenolpyruvate carboxylase) (7, 27) , enabled comprehensive analysis of carbon flow from the central metabolite phosphoenol pyruvate to the amino acid lysine (Fig. 1) .
MATERIALS AND METHODS
Plasmids, strains, and growth conditions. The characteristics of the strains and plasmids used are listed in coli was done by the RbCl method (9) , and that of C. glutamicum was done by the spheroplast method (33) . DNA restriction, ligation, and isolation of restriction-generated fragments were performed by standard methods (20) .
For construction of plasmid pJC40, enabling ddh overexpression, the ddh-containing 5-kb EcoRI fragment isolated by J. Viret Transgene (Strasbourg, France) from C. glutamicum ATCC 13032 was used. By using the published sequence information (14) , the ddh-containing 2.8-kb EcoRIKpnI fragment was isolated, made blunt with Klenow enzyme, and ligated with pZl treated first with Scal and calf intestine alkaline phosphatase. For construction of pCT4-1 with lysA overexpression, a fragment also isolated by Transgene was used. A 5.4-kb PstI subfragment was inserted into the PstI site of pJC1. The insert is comparable to that of plasmid pRS6 described by Yeh et al. (37) .
Enzyme assays and lysine determination. Sonic extracts were prepared from cells washed and suspended in 50 mM sodium phosphate buffer (pH 7.5) by disrupting them with a microtip-equipped Branson Sonifier at maximal settings (5 min, 0°C). The resulting homogenate was centrifuged (15 min, 12 ,000 x g), and the supernatant was used for enzyme assays. Aspartate kinase (EC 2.7.2.4) was assayed essentially as described by Black and Wright (2), and aspartate semialdehyde dehydrogenase (EC 1.2.1.11) was assayed as described by Hegeman et al. (11) . Dihydrodipicolinate synthase (EC 4.2.1.52) was assayed by the method of Yamakura et al. (36) . For determination of dihydrodipicolinate reductase (EC 1.3.1.26), the substrate was synthesized in the cuvette for each assay by using an extract prepared from E. coli AT999 devoid of reductase activity but overexpressing synthase activity (6, 8) . Diaminopimelate dehydrogenase (EC 1.4.1.16) and decarboxylase (EC 4.1.1.20) were assayed as previously described (6, 23) .
For quantitative determination of lysine, samples from cultures were removed and clarified by centrifugation and amino acids were analyzed as their o-phthaldehyde derivatives by reversed-phase chromatography. High-performance liquid chromatography system LC 1090 (Hewlett-Packard, Avondale, Calif.) was used, allowing automatic precolumn derivatization and separation with a gradient consisting of 0.1 M sodium acetate (pH 7.2) and methanol (15) .
RESULTS
Cloning and functional analysis of lysC. To clone the feedback-resistant aspartate kinase, chromosomal DNA was isolated from C. glutamicum MH20-22B, which is resistant to the lysine analog S-2-aminoethyl-L-cysteine and whose kinase is insensitive to feedback inhibition by lysine plus threonine (21) . Since we found that lysC and asd of the wild type are located on a 9.1-kb BamHI fragment, a cosmid gene bank (5) was used to transform E. coli RASA 51 containing an asd mutation (10) . Three prototrophic clones were obtained, each containing an identical cosmid 38 kb long. The cosmid was restricted with BamHI, fragments were ligated with E. coli-C. glutamicum shuttle vector pJC1, and the ligation products were again used to transform E. coli RASA 51. This procedure yielded several complementing clones containing plasmid pJC30 (Fig. 2 ). Although this plasmid was able to complement the asd defect of E. coli, it did not result in appreciable overexpression of aspartate semialdehyde dehydrogenase or lysC-encoded aspartate kinase in E. coli. Therefore, pJC30 was transferred to the wild type of C. glutamicum and enzyme activities were determined in the homologous background. The order of magnitude of the overexpression of both enzymes and the feedback insensitivity of the aspartate kinase (Fig. 2) confirmed that the required genes resided on pJC30.
For further size reduction and separation of both enzyme activities, various subclones were constructed. Because of the sequence information of the small fragment available (17) , we constructed pJC32, assuming that it would contain the transcriptional unit for asd. However, the constructs transferred to C. glutamicum did not yield overexpression of the dehydrogenase, although the same chromosomal Dral fragment of pJC32 inserted into pUC18 in one orientation yielded overexpression in E. coli RASA 51 (specific activity, 0.156 U/mg). Therefore, pJC34 and pJC31, containing an additional 0.6 and 1.5 kb, respectively, in front of asd, were constructed. Only pJC31 resulted in 10-fold overexpression in C. glutamicum. This shows that the asd promoter of the fragment obtained from MH20-22B is at least 0.6 kb away from the structural gene and within lysC.
To construct a plasmid resulting in overexpression of feedback-resistant aspartate kinase only, sequence information (16a), suggesting that the XbaI restriction site is close to the translational start of lysC was used. Therefore, the 2.4-kb Dral fragment was inserted in pZl to give pJC33. This vector yielded high feedback-insensitive aspartate kinase activity without aspartate semialdehyde dehydrogenase activity.
Overexpression of each lysine-biosynthetic gene. Table 2 gives a summary of the constructs used and the resulting enzyme activities in two selected strains. These were the wild type and strain 52-5, which was selected directly from mutagenized wild-type cells as being resistant to 5-2-aminoethyl-L-cysteine and has feedback-resistant aspartate kinase (21) . Plasmid pMF1014-ppc codes for phosphoenol pyruvate carboxylase from the wild type (7) . With pJC33 about 20-fold overexpression of feedback-resistant kinase activity was obtained. Feedback resistance was confirmed by inclusion of 60 mM lysine plus 60 mM threonine in enzyme assays, which resulted in nearly identical activities, whereas the wild-type enzyme was already totally inhibited at an effector concentration of 1 mM (29) . To overexpress aspartate semialdehyde dehydrogenase, we used plasmid pJC300 containing the lysC asd cluster on the 9.1-kb BamHI fragment from the wild type. This plasmid, of course, also yields increased aspartate kinase activity in vitro. However, since the plasmid codes for the feedback-sensitive kinase, the activity is still controlled in vivo (see below). The plasmids used for overexpression of diaminopimelate dehydrogenase and diaminopimelate decarboxylase were pJC40 and pCT4-1, respectively, containing fragments of the wild-type chromosome. We integrated these into pZl (see Materials and Methods), taking into account the fact that the 2.3-kb upstream region is required for maximal overexpression of the decarboxylase (37 (17) . The part of pJC30 omitted contains additional PstI, EcoRI, and Sall restriction sites. All subclones were constructed from fragments isolated from pJC30. pJC31 was constructed by ligation with pJC1 (5) treated with XbaI, BamHI, and alkaline phosphatase. For construction of the other subclones, vector pZl treated with ScaI and phosphatase was used (21) . Fragments could therefore be used directly to construct pJC32 and pJC33, whereas for construction of pJC34 the fragment was made blunt with the Klenow enzyme. To determine the enzyme activities of the corresponding recombinant wild-type strains, the latter were cultivated overnight in CGIII and the activities were determined as previously described (6) . The values in parentheses are activities measured in the presence of 19 mM lysine plus 10 mM threonine. With plasmids pJC33 and pJC32 but with the insert in the opposite orientation, the same kinase and dehydrogenase activities were obtained. ND, not determined. B, BamHI; D, DraI; Xb, XbaI; P, PstI; N, NaeI; E, EcoRI; S, Sall; X, XhoI.
firming the extraordinary stability of plasmids based on the pHM1519 replicon (21) . However, only 5% of the colonies derived from the strain containing pJC33 were still kanamycin resistant. Seven of these resistant colonies were investigated for enzyme activity. All yielded overexpressed kinase activity, but only two of them retained the feedback resistance character. This is strong evidence of a physiological disadvantage of overexpressed feedback-resistant kinase activity.
Consequences of overexpression for lysine secretion. The seven recombinant strains of the wild type were cultured in minimal medium CGX. Samples were taken after 1, 2, and 3 days, and the amount of lysine secreted was determined. In plasmid-harboring strains, growth was not affected. Overex- (6) . The other series of recombinant strains was derived from strain 52-5, which contains one copy of feedback-resistant aspartate kinase-encoding DNA in the chromosome. Therefore, this strain accumulates about 40 mM lysine with no plasmid. The additional overexpression of feedback-resistant aspartate kinase obtained with pJC30 resulted in increased lysine formation, suggesting that the kinase reaction is still limiting in 52-5. Also, the increase of the dihydrodipicolinate synthase which condenses the two carbon units aspartate and pyruvate yields more amino acid in this strain. In contrast to the situation with the wild type, the phosphoenol pyruvate carboxylase overexpression had an additional effect on lysine formation This suggests that the catalytic activity in vivo is indeed increased, but only when the kinase is relieved of feedback inhibition is a higher rate of flow to lysine permitted.
Lysine formation by combined overexpression of aspartate kinase and dihydrodipicolinate synthase. Since overexpression of aspartate kinase and dihydrodipicolinate synthase resulted in lysine formation as well, we investigated whether both enzymes together would yield more amino acid than did kinase overexpression alone. For this purpose, the 2.5-kb Dral fragment of pJC30 encoding the feedback-resistant aspartate kinase was isolated and integrated into the PvuII site of dapA-containing vector pJC23 (5). The resulting plasmid, pJC50, is shown in Fig. 3 . It was used to transform the wild type of C. glutamicum and strain 52-5 too. The integrity of the plasmids was verified by plasmid preparations and restriction analysis, and strains were used to assay for enzyme activity and lysine formation. As shown in Table  3 , combined overexpression of the enzymes was additive with respect to the lysine accumulated. However, strain r-52-5 accumulated more lysine than r-13032, although with respect to the enzymes assayed (which also included the chromosomally encoded copy), no substantial phenotypic difference between the two strains was measurable.
DISCUSSION
Despite the apparently central role of aspartate kinase for lysine formation, cloning of the feedback-resistant enzyme has not been performed. This has only become possible because of the sequence analysis of an incomplete lysC gene. Cloning of the large fragment as described in this report (pJC30) resulted in very high feedback-resistant kinase activity, i.e., up to 0.3 U/mg of crude extract. This enabled functional analysis of lysCa, lysC3, and asd. With subclone pJC31, it was possible to overexpress aspartate semialdehyde dehydrogenase without aspartate kinase. This demonstrates that the asd promoter is at least 0.6 kb away from the structural gene. It is probably identical to the lysCI promoter, since pJC31 introduced into the wild type affects the feedback resistance characteristic of the kinase. A similar situation was found with plasmid pCS2, containing an inactive kinase fragment from C. glutamicum 58-1 (32) . An explanation for the additional promoter in front of IysC, could be that it ensures that an excess of the regulatory subunit is always synthesized to make the kinase in the wild-type situation maximally sensitive, thereby preventing synthesis of more lysine and threonine (and methionine and isoleucine too) than actually required.
Since our primary aim was to study the flow from phos- (38) . The enzyme of C. glutamicum has a low affinity towards aspartate semialdehyde, which is also the substrate for the competing homoserine dehydrogenase, which has a high affinity towards the aldehyde. Experiments with mutants of C. glutamicum and Brevibacterium lactofermentum with feedback-resistant kinase have shown that influencing homoserine dehydrogenase activity inversely influences the flow to lysine (6) . This is in accord with the assumption that the synthase is not saturated with substrate in the wild type. The effect of overexpressed synthase on lysine secretion is not simply to lower the threonine concentration and, hence, increase the flux through the lysine pathway, since the cytosolic threonine concentration was unaltered (data not shown). As judged from the external amounts of lysine formed, the other reactions investigated by our genetic approach are apparently not involved in flow control of the wild type to meet its demand for protein synthesis. This also holds for diaminopimelate decarboxylase, measurements of whose activity were repeated and showed that the activity of the enzyme is not regulated (6) .
We analyzed flow control not only in the wild type but also in mutant 52-5, which was obtained by conventional mutagenesis, selected primarily as aminoethyl cysteine resistant, and then selected as a lysine-secreting strain. This strain has a feedback-resistant aspartate kinase; its other characteristics are not known. In this strain, the chromosomally encoded kinase activity still limits the total flow to external lysine. The 
